Abstract: A new Bi-rich part of Bi 2 O 3 -PbO phase diagram was determined using differential thermal analysis and X-ray powder diffraction techniques. 
INTRODUCTION
Bismuth(III) oxide is a multimorphic material with seven structural modifications where the monoclinic α-Bi 2 O 3 is stable, tetragonal β-, body-centered cubic γ-and orthorhombic ε-Bi 2 O 3 are metastable, the face-centred cubic δ-Bi 2 O 3 is a high-temperature polymorph, the η-Bi 2 O 3 is a high-pressure phase, while ω-Bi 2 O 3 is observed as a thin film only. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] The synthetic conditions and the presence of dopants determine which modification will be obtained. Pb 2+ is an interesting choice of dopant because various PbO-doped Bi 2 O 3 -based phases show the extraordinary characteristics: they are wide-band gap high-resistivity semi-insulating, photoconductive, photoluminescent, electronic, optoelectronic, acoustic and piezoelectric materials, good high-temperature ionic conductors, but also exhibit mixed ionic/electronic conductivity that could be useful in the oxygen selective membranes. [14] [15] [16] [17] [18] [19] [20] [21] [22] Moreover, the mixed heavy metal oxide glasses based on Bi 2 O 3 and PbO have interesting physical properties such as high density, high linear or 1434 DAPČEVIĆ et al. non-linear refractive index and long infrared cut-off. [23] [24] [25] [26] [27] Within Bi 2 O 3 -PbO system a great number of phases (α-Bi 2 O 6 , γ-PbO) with different Bi/Pb ratio and thermal history have been reported. 28 The conditions (temperature and concentration) for a synthesis of specific phase can be predicted from Bi 2 O 3 -PbO phase diagrams. [29] [30] [31] The Bi 2 O 3 -PbO phase diagram was firstly established by Belladen 29 
32
, Braileanu et al. 33 , Ganesan et al. 34 and Diop et al. 35 mostly confirmed the results of Biefeld and White. 31 Regarding previously mentioned properties and the wide area of possible applications of Bi 2 O 3 doped with PbO, our research group was particularly oriented toward the Bi-rich part of the Bi 2 O 3 -PbO phase diagram. Therefore, 37.5 mol % of PbO was appropriately set to be the upper limit of the dopant concentration. According to Biefeld 3+ and Pb 2+ : they are isoelectronic, with similar ionic radii and both have the lone electron pair. Therefore, there are a lot of possible solid solutions in the Bi 2 O 3 -PbO system. Since the application strongly depends on properties, it is very important to know the exact conditions under which a specific phase from this system can be obtained. In that sense, it is well established that the Bi 2 O 3 -PbO phase diagram is crucial.
In this article, in order to improve the existing Bi 2 O 3 -PbO phase diagrams, the high temperature treatment of eleven pseudo-binary Bi 2 O 3 -PbO mixtures in the Bi-rich (x(PbO) ≤ 37.5 mol %) region, as well as the final phase composition and thermal behaviour of obtained products are reported. Seven final mixtures represent the single-phase and four are two-phase samples. The effects of temperature and dopant amount on synthesis are discussed.
EXPERIMENTAL
Eleven pseudo-binary Bi 2 O 3 -PbO mixtures with different oxide proportions (Table I) were prepared from bismite, α-Bi 2 O 3 (99.975 %, Alfa Aesar) and massicot, PbO (99.9%, Alfa Aesar). The starting components were dryly homogenized for about 30 min in an agate mortar, heated at 690 °C for 1.5 h (heating rate 4 °C/min) in an open Pt crucible and then slowly cooled to room temperature. Afterward the samples were reground and examined on a Philips PW1710 X-ray powder diffractometer (XRD) using monochromatic Cu Kα radiation (λ = 1.5418 Å) and the step-scan mode (2θ range was from 4 to 90°, step width 0.02°, time per step 0.5 s). Depending on the phase composition some samples were additionally thermally treated for 1.5 and 3 h at 690 °C and further, if necessary, at 750 °C. The treatments were considered as finished if two simultaneous XRD patterns did not show any significant differences. The unit cell parameters were calculated by the least-squares method using the LSUCRIPC program. 40 The software PowderCell 41 was used for the determination of an approximate phase ratio in a Rietveld-like refinement. The differential thermal analysis (DTA) was carried out on an SDT Q600 instrument (TA Instruments) in N 2 atmosphere (flow rate: 100 cm 3 min -1 ; heating rate: 20 °C min -1 ). Since no significant thermal effects were observed below 400 °C, the selected products or initial mixtures were analyzed cyclically ranging from 400 to 900 °C.
RESULTS AND DISCUSSION
As given in Table I , after the thermal treatment of Bi 12 Pb 0.16 O 18.16 , i.e., the sample with the highest Bi content, the presence of α-Bi 2 O 3 (PDF #41-1449) phase was found besides Pb-doped γ-Bi 2 O 3 (PDF #84-0831). This means that the PbO content was obviously too low to induced transformation of all α-Bi 2 O 3 into the γ-Bi 2 O 3 phase (Fig. 1a) . The single-phase Pb-doped γ-Bi 2 O 3 has been obtained from next seven starting mixtures, i.e., in approximately 5-17 mol % PbO. As an illustration, one of the corresponding powder patterns is shown in Fig. 1b . The increased dopant content of more than about 20 mol % resulted in the formation of a lead-rich phase, β 2 -Bi 8 Pb 5 O 17 (PDF #41-0405) besides Pb--doped γ-Bi 2 O 3 (Fig. 1c) (38) 10.257 (1) Taking into account the XRD results, we can distinguish three regions of the final phase composition: region A for x < 5. The results obtained from the cyclic DTA curves (the representative ones are shown in Fig. 2 (Fig. 2a) (Table II) . These temperatures are in agreement with the values for same transitions reported by Biefeld and White 31 . The melting and crystallization points (824 and 817 °C, respectively) are also consistent. The small hysteresis of about 7 °C is found for the melting-crystallization processes. On cooling, only δ-Bi 2 O 3 → α-Bi 2 O 3 + γ-Bi 2 O 3 transition takes place after the crystallization. Both processes occur at temperatures that correspond well to those found in the phase diagram. 31 The later transition happens in several close steps probably due to δ-
The existence of the single-phase Pb-doped γ-Bi 2 O 3 within a broad field which is in excellent agreement with those found in the phase diagram 31 . Both, the melting and crystallization temperatures increase with the dopant content decreasing. The crystallization points are at slightly lower temperatures than in the phase diagram 31 31 We obtained the significantly lower temperature (573 vs. 715 °C) which is due to the thermal history 13 and will be explained later using DTA of the starting mixture and not the final product. (Table II) obtained by the thermal analysis of Bi 12 Pb 1.50 O 19.50 (Fig. 2c) 31 , but the melting and the crystallization temperatures are in accordance with the same Bi 2 O 3 -PbO phase diagram. The extremely small hysteresis of only few °C is characteristic for these processes.
In order to determine the field of stability of γ-Bi 2 O 3 , the additional DTA below melting process were performed on three starting mixtures (Fig. 3 , Table  III 31 than to the one obtained from the DTA of final products. This is another confirmation that the thermal history could have an influence on temperature of a phase transition. The temperatures of the determined phase transitions as well as the experimentally found field of γ-Bi 2 O 3 stability were incorporated in the Bi 2 O 3 -PbO phase diagram 31 (Fig. 4a) . Based on the given results and taking into account the rules for construction of a phase diagram, 43 the new Bi 2 O 3 -rich part of Bi 2 O 3 --PbO phase diagram is proposed (Fig. 4b) . 31 The labels for phases are set to be up to date not being identical to those used by Biefeld and White. 31 The 31 are difficult to explain from the experimental point of view, because of the lack of experimental details in the paper. 31 For example, there is no information on the DTA purge flow or atmosphere. The only known difference is the heating rate but Biefeld and White 31 had determined that this parameter had no influence on the results. In that sense, we believe that the established differences could be the consequence of more precise measurements.
CONCLUSION
This work represents a contribution to the examination of Bi 2 O 3 -PbO system in the Bi 2 O 3 -rich region. The correct phase diagram is important in order to conduct a high-temperature synthesis of a concrete compound suitable for desired application. In that sense, we proposed a new Bi-rich part of Bi 2 O 3 -PbO phase diagram that differs from Bi-rich region of the phase diagrams published by now. In other to obtain the structural characterization of all phases, our future investigations will be directed towards the confirmation of these results by using the high-temperature X-ray powder diffraction.
